Summary Seven-year-old apple (Malus × domestica Borkh.) trees cv. 'Braeburn' on rootstock M.26 were flower-thinned to establish four crop loads, resulting in final mean fruit numbers per tree of 0, 100, 225 and 400. Mean fruit mass decreased by about 35% with each decrease in cropping density. Fruit from light-cropping trees had significantly advanced maturity as indicated by the harvest management criteria of background color and starch/iodine score, and other fruit quality characteristics such as soluble solids. Flesh firmness and dry matter also increased with decreasing crop load. Compared with fruiting trees, mean leaf photosynthetic rates of non-cropping trees were significantly lower (40%) between 75 days after full bloom (dafb) and fruit harvest, with a maximum reduction of almost 60% at 118 dafb. Photosynthetic activity decreased linearly with increasing concentration of leaf starch, but was positively and significantly related to stomatal conductance. Consequently, the accumulation of nonstructural carbohydrates in leaves of light-cropping or non-cropping trees may have led to end-product inhibition of photosynthesis. Increases in xanthophyll cycle carotenoids mediated non-radiative thermal energy dissipation in non-cropping trees, providing increased capacity for photoprotection but reducing photochemical efficiency.
Introduction
Variability in apple (Malus × domestica Borkh.) crop load has a significant impact on both fruit quality and tree physiology, and thus on managing the risks associated with achieving commercial requirements for fruit size, consumer-based quality attributes and freedom from disorders. In this context, information on crop manipulation and its effects on harvest time and fruit maturity are of particular importance for understanding how to enhance the proportion of the crop achieving desired qualities.
The presence or absence of fruit on apple trees has a major effect on their photosynthetic performance and growth (see reviews by Flore and Lakso 1989 , Forshey and Elfving 1989 , Byers 2003 , Wünsche and Ferguson 2005 . Effects of time and severity of flower or fruit(let) thinning or crop load adjustment, and concomitant alteration of fruit:leaf ratios, tree and fruit physiology have been extensively studied to determine their effects on fruit size and quality at harvest and return bloom.
Although much research has focused on studying a range of vegetative and reproductive responses to varying crop load, few studies have focused on the principal physiological and biochemical mechanisms underlying the responses to fruit load in apple. For example, there is little research on the underlying physiology of photosynthesis as affected by internal stresses such as the accumulation of carbohydrate through changes in source-sink relations. There is some evidence that when starch accumulates in leaves, an increase in non-radiative thermal dissipation can occur (Pammenter et al. 1993) , indicating a redistribution of energy away from photosynthesis and hence a reduction in photochemical efficiency (Osmond 1994) . This dissipation process is mediated by a particular group of carotenoids (Demmig-Adams and Adams 1994) .
This study was undertaken to obtain new insights into cropload-induced regulatory signals of photosynthesis. Specifically, we examined the effects of crop load on chlorophyll fluorescence, and concentrations of chlorophyll, xanthophyll cycle carotenoids and nonstructural carbohydrates of apple leaves.
Materials and methods

Plant material and experimental design
Effects of crop load on leaf and fruit quality responses of 7-year-old apple trees cv. 'Braeburn' on rootstock M.26, growing at the Nelson Research Centre in New Zealand, were evaluated during the 1996 -1997 growing season. The trees were planted at a spacing of 5 × 2.5 m in north-south oriented rows and trained as slender spindles. At the balloon stage (September 25), 16 trees were selected for uniformity in vigor and bloom density and assigned in a randomized complete block design to four replicated blocks of four treatments. At full bloom (October 3), trees were subjected to flower thinning to give high, medium, low and no crop loads. The cropping intensities were established by removing (1) no, (2) two in three, (3) five in six or (4) all spur and terminal extension shoot flower clusters. Two weeks after full bloom, after initial fruitlet drop, all remaining spur and terminal flower clusters were hand-thinned to the two most vigorous fruitlets, and late-flowering lateral flower clusters on 1-year-old wood were removed. All trees were irrigated and managed according to standard commercial practice.
Leaf carbon exchange
Leaf net carbon exchange rates (NCER) and leaf stomatal conductance (g s ) were measured with an infrared gas analyzer system (ADC, LCA-3, Hoddeston, U.K.) at about monthly intervals from initial fruit set until after fruit harvest. Light-saturated leaf NCER was monitored on four randomly selected mature bourse leaves per tree in the mid-shoot position on sunny days with an irradiance on the outside of the leaf chamber in excess of 1200 µmol m -2 s -1 . Measurements were made randomly within each block between 2 h before and after solar noon.
Leaf chlorophyll fluorescence
Leaf fluorescence was measured with a pulse modulated fluorometer (PAM-2000, Walz, Effeltrich, Germany) at about monthly intervals throughout the growing season. For each block of trees, two leaf discs (25 mm 2 ) per treatment were darkened in purpose-designed cuvettes for at least 15 min before minimal (F o ) and maximal (F m ) fluorescence were measured as described by Greer (1995) . The sample with the highest daily F m value per treatment was selected for subsequent in situ quenching analysis. Maximal fluorescence yield of the illuminated sample (F m ′ ) was then measured concurrently with ambient photosynthetic photon flux (PPF) incident on five randomly selected bourse shoot leaves on each treatment tree. After each reading, the leaf was transiently darkened and minimal fluorescence (F o ′ ) was measured after a 5-s exposure to far-red light. Fluorescence yield (∆F/F m ′, where ∆F is the change in fluorescence following a saturating light pulse), photochemical quenching coefficient (q P ), non-photochemical quenching coefficient (NPQ) and electron transport rate (ETR) were determined for each leaf according to the procedure described by van Kooten and Smel (1990) .
Light response curves for chlorophyll fluorescence attributes were made with a PAM-2000 chlorophyll fluorometer equipped with a leaf clip (2030-B, Walz), an external halogen lamp (2050 HB, Walz) and a purpose-designed lamp controller (Greer and Halligan 2001) . For each leaf, the leaf clip was attached and covered with a neutral density filter to reduce incident irradiance to less than 50 µmol m -2 s -1 and left for 30 min to allow the leaf to equilibrate to the low irradiance. Fluorescence was then measured as PPF was increased stepwise from about 50 to 2000 µmol m -2 s -1 as described by Greer and Halligan (2001) .
Relaxation of chlorophyll fluorescence was followed by first measuring minimal fluorescence yield of a light-adapted leaf (F t ) and F m ′ and then covering the leaf clip with neutral density shade cloth to reduce PPF to about 40 µmol m -2 s -1 before measuring fluorescence at 3-min intervals. Only photochemical yield and NPQ were calculated, because ETR was low and q P could not be determined in this experiment. All nomenclature follows van Kooten and Snel (1990) .
Leaf pigments
For chlorophyll and carotenoid analyses, 10 bourse leaf discs (25 mm 2 ) from each tree per treatment were collected at midday at about monthly intervals, on the same days when leaf gas exchange measurements were made, and also at mid-season (143 and 144 days after full bloom (dafb)) at 3-h intervals. Each leaf sample was immediately frozen on dry ice and stored at -80°C. The samples were ground in liquid nitrogen and the paste was extracted in 5 ml of a suspension of 50 mg CaCO 3 in 85% acetone, according to the method of Thayer and Björkman (1990) . After centrifugation, the supernatant was analyzed spectrophotometrically for chlorophyll with a double-beam spectrophotometer (Philips PU8625 UV/VIS, Philips, Eindhoven, The Netherlands) and carotenoids were analyzed by high performance liquid chromatography (LKB HPLC, pump-2150, controller-2152 and spectraphysics detector Spectra 200, Pharmacia, Sweden) with a Vydac C8 column (Vydac, Hesperia, CA) following the procedure described by Gilmore and Yamamoto (1991) . The amount of each pigment was determined according to Laing et al. (1995) .
Leaf carbohydrates
Ten bourse leaf discs (25 mm 2 ) were collected from each treatment tree at midday at about monthly intervals, on the same days when leaf gas exchange measurements were made. Each sample was immediately frozen on dry ice, freeze-dried and later analyzed as described by Greer (1997) . Lyophilized leaf samples were ground with a ring grinder. A subsample of 0.1 g (with adonitol added as internal standard) was extracted in 20 ml of 80% ethanol at 60°C for 1 h and then filtered (Cranswick and Zabkiewicz 1979) . The insoluble residue was analyzed for starch by spectrophotometry (Smith et al. 1992) . The filtrate was evaporated to dryness in a rotary evaporator, redissolved in a minimum of water and passed through two Sephadex ion exchange columns (Redgwell 1980) each with a bed volume of 2 ml. The resulting eluate was immediately frozen and lyophilized and the sample redissolved in 250 µl of 10% isopropanol. An aliquot was transferred to an autosampler vial and dried under vacuum over P 2 O 5 before being dissolved in 250 µl of pyridine and derivatized with 250 µl of N-trimethylsilylimidazole at 70°C for 30 min. The sample was analyzed for sugars by gas chromatography (Carlo Erba GC 6000) using split injection and a DB 1701 30 m column with temperature programming from 150 to 270°C over 45 min. Peaks of glucose, fructose, sucrose, inositol and sorbitol were confirmed by comparison with standard mixtures following gas chromatography and mass spectrometry.
Seasonal fruit and shoot growth
After initial fruit set (October 23), 10 representative fruit were randomly selected along an upper and a lower branch of each tree in the three fruiting treatments. The selected fruit were marked and fruit growth rates were monitored nondestructively by measuring the maximum diameter of each fruit with a digital caliper at 14-day intervals until harvest. The lengths of five randomly selected bourse shoots on each tree were measured every 2 weeks until extension growth terminated.
Yield and fruit quality
Fruit number and yield per tree were recorded at harvest on March 25, 1997. For each treatment, 15 apples per tree were randomly sampled and the following parameters measured: individual fruit mass, maximum fruit diameter, starch/iodine score (0 = 100% to 7 = 1% starch), soluble solids (Atago N-20 hand-held refractometer), background color (background color scale from 1 to 8, green to yellow), percent surface blush and dry matter content determined by drying samples (skin, cortex and core) of each fruit in a forced-draught oven at 80°C to constant mass.
Statistical analysis
The effects of crop load on vegetative growth, leaf photosynthetic rate, leaf chlorophyll fluorescence, leaf pigments and carbohydrates, yield and fruit quality at harvest were evaluated by analysis of variance (ANOVA). The main effect of crop load was analyzed for linear and quadratic trends. Regression analysis was used to evaluate the relationships between leaf NCER and leaf g s , and to analyze the light response and relaxation of chlorophyll fluorescence attributes. The experimental data were analyzed with Genstat software (Rothamsted Experimental Station, U.K.) and graphically displayed with Origin software (OriginLab, Northampton, MA).
Results
Fruit and vegetative response
Flower thinning resulted in crop loads ranging from zero on non-cropping trees to 100, 225 and 400 fruit per tree on the low-, medium-and high-cropping trees, respectively (Table 1) . Fruit growth, as indicated by maximum diameter, was significantly and negatively related to crop load from about 60 dafb until fruit harvest (data not shown) when individual fruit mass increased by about 35% with each decrease in cropping density (Table 1) . Differences in yield per tree were large, but reflected crop-load-induced fruit mass responses. Compared with high-cropping trees, fruit from low-cropping trees showed advanced maturity at harvest as indicated by the harvest management criteria of background color and starch/iodine score. Other fruit quality variables at harvest such as soluble solids, flesh firmness and dry matter increased significantly with decreasing crop load (Table 1) .
Final mean bourse shoot length and trunk cross-sectional area in autumn were about 58 and 42% higher, respectively, in non-cropping trees compared with high-cropping trees (data not shown).
Seasonal changes in leaf net carbon exchange
Light-saturated leaf NCER had a typical seasonal pattern with increasing rates in the early season until developing leaves TREE PHYSIOLOGY ONLINE at http://heronpublishing.com CROP LOAD RESPONSES IN APPLE 1255 Table 1 . Effects of crop load on fruit quality characteristics of 7-year-old 'Braeburn'/ M.26 apples at harvest. Symbols: * = P < 0.05; ** = P < 0.01; and *** = P < 0.001. Abbreviation: LSD = least significant difference. were fully photosynthetically competent, followed by relatively constant rates until fruit harvest, when a decline in NCER occurred (Figure 1 ). There was little difference in leaf NCER among the fruiting treatments at each observation time; however, the presence of fruit resulted in higher leaf NCER in mid-to late-season compared with leaf NCER of non-cropping trees. Leaf NCER of non-cropping trees was significantly and, on average, 40% lower between 75 dafb and fruit harvest at 173 dafb, with a maximum reduction of close to 60% at 118 dafb ( Figure 1 ). Seasonal differences in leaf NCER between treatments could largely be explained by leaf stomatal behavior. Leaf g s accounted for about 85% of the variance in leaf NCER (Figure 2 ).
Seasonal changes in primary photochemical attributes
Photochemical yield was relatively low at the start of the growing season ( Figure 3A) but increased rapidly and then more slowly to peak at about mid-season. Until mid-season, there were no marked crop load effects on photochemical yield, but thereafter, the leaves on non-cropping trees had significantly lower photochemical yields than leaves on low-or high-cropping trees. As the growing season progressed, photochemical yield in all treatments declined in a generally linear fashion.
As a consequence of the crop load treatment effects on photochemical yield, there were also treatment differences on ETR, with leaves on non-cropping trees having a significantly lower capacity for electron transport than leaves on high-cropping trees ( Figure 3B ). However, for most of the growing season, ETR was relatively constant.
There were small changes in the proportion of active PSII centers throughout the season, and the leaves on non-cropping trees had a markedly lower proportion of active PSII centers than leaves on high-cropping trees, consistent with their lower photochemical yield ( Figure 3C ). In contrast, NPQ was not strongly affected by crop load except at the end of the season when it increased greatly in cropping trees and less so in non-cropping trees ( Figure 3D ).
Light responses of fluorescence attributes
Photochemical yield was markedly reduced with increasing PPF, especially in leaves on non-cropping trees ( Figure 4A) . Thus, at full sunlight, the photochemical yield had dropped by nearly 80% in non-cropping trees compared with only 70% in high-cropping trees. Concomitantly, ETR increased with increasing PPF, but again, there were marked differences between high-cropping trees and non-cropping trees, with the latter having nearly 50% lower ETR than the former (Figure 4B ). There were some treatment differences in the proportion of active PSII reaction centers, with notably fewer open centers in leaves on non-cropping trees at high PPFs than in leaves on high-cropping trees ( Figure 4C ). The main cause of the low photochemical yield in non-cropping trees was the significantly greater capacity for NPQ compared with the high-cropping trees, which was presumably associated with their greater xanthophyll cycle activity ( Figure 4D ). The effects of crop load on thermal dissipation were apparent at relatively low PPFs, but increased with increasing PPF.
Relaxation of selected fluorescence attributes
After midday PPF exposure in midsummer, leaves were rapidly shaded and this caused an immediate increase in photochemical yield ( Figure 5A ) in leaves on both non-cropping and high-cropping trees. However, in the fruiting trees, the relaxation was nearly complete after about 15 min in shade because photochemical yield was > 0.7. In contrast, the photochemical yield of non-cropping trees remained about 20% below that of the fruiting trees, thus relaxation was still incomplete after shading for 15 min. The reduction in PPF also caused an immediate reduction in NPQ; however, NPQ of leaves on noncropping trees remained relatively high ( Figure 5B ), indicating that these leaves have an intrinsically higher capacity for thermal dissipation compared with leaves on high-cropping trees. The observed differences in NPQ were in accordance with the treatment effects on photochemical yield.
Late in the growing season, leaves from both non-cropping and high-cropping trees relaxed rapidly when they were suddenly shaded (data not shown). In contrast to midsummer, there were no differences in photochemical yield after a 15-min exposure to shade between leaves from the non-cropping and high-cropping trees. However, treatment differences in NPQ persisted late into the growing season, with non-cropping trees retaining a higher capacity for non-radiative dissipation than high-cropping trees. In both non-cropping and highcropping trees, the capacity for non-radiative dissipation was greater at the end of summer than in midsummer.
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com ; and NPQ (non-fruit) = 3.21 + 3.66e -( x / 5.11) . Symbols: ᭹ and ᭺ = 400 and 0 fruit per tree, respectively. Abbreviation: dafb = days after full bloom. 
Leaf pigments
Total chlorophyll content per unit leaf area at different stages of vegetative development showed a clear seasonal pattern with increasing chlorophyll accumulation from bloom until the mid to late part of the growing season, followed by a decline in concentration at the end of summer ( Figure 6A ). Leaf chlorophyll was not linked to crop load except in late season, at 172 dafb, when area-based chlorophyll concentration was positively, linearly correlated with cropping intensity (P < 0.001). At this developmental stage, bourse shoot leaves of high-cropping trees had about a 67% higher chlorophyll concentration than bourse shoot leaves of non-cropping trees, mainly because of significantly higher concentrations of chlorophyll a and chlorophyll b.
The diurnal pattern of total chlorophyll content per unit leaf area at 143-144 dafb was more pronounced at low crop loads ( Figure 6B) ; leaves from non-cropping trees showed a slow decline (22%) from midday to 2200 h, followed by a 30% increase until 0700 h the next day when a sharp decline occurred over the next 3 h. Total leaf chlorophyll increased significantly with crop load during the evening and night hours and at 1000 h the following morning, although there was a positive trend throughout the day. Mean daily total chlorophyll content per unit leaf area was linearly and positively related to crop load (P = 0.004) as a result of significant increases in chlorophyll a and chlorophyll b concentrations with increasing crop density. Leaves of high-cropping trees had about a 20% higher total chlorophyll concentration throughout the day than leaves of non-cropping trees (384 versus 304 µmol m -2 leaf area). The xanthophyll ratio ((Z + A)/(Z + A + V); where: Z = zeaxanthin, A = antheraxanthin and V = violaxanthin) changed significantly (P < 0.001) throughout the season; there was a steady decline until 143 dafb, followed by an increase that commenced 30 days before harvest and continued until the end of the observation period ( Figure 6C ). This seasonal pattern was unaffected by crop load, except at 172 dafb, one day before harvest, when the ratio linearly decreased with increasing crop load (P = 0.002). Over the season, violaxanthin contributed about 49%, antheraxanthin 18% and zeaxanthin 33% to the total xanthophyll pool in leaves of high-cropping trees, whereas in leaves of non-cropping trees, the corresponding percentages were about 40, 20 and 40%. The amounts of zeaxanthin and antheraxanthin relative to the total xanthophyll cycle pigments were therefore significantly lower (P = 0.008) in leaves on fruiting trees, reflecting a lower xanthophyll ratio compared with leaves on non-fruiting trees (0.534 versus 0.608).
The daily xanthophyll ratio of leaves was similar in all treatments in mid-season ( Figure 6D ) and was characterized by a decline in the afternoon, relative consistency between 1600 and 0700 h the following day and a slight increase in the early morning hours. Although there was a consistent trend of leaves on non-cropping trees having a higher xanthophyll ratio throughout the day, this was significant only at 1600 h (P = 0.006), 1900 h (P = 0.048), 2200 h (P = 0.037) and 1000 h the following morning (P = 0.003). Mean daily xanthophyll ratio of leaves was nearly 35% higher in non-cropping trees than in high-cropping trees (P = 0.002).
Leaf carbohydrates
Crop load affected total leaf soluble sugars (Figure 7) . Fructose concentration declined initially by about 50% irrespective of crop load, but then increased from 80 to 210 dafb, with a transient depression around fruit harvest ( Figure 7A ). Over the season, mean leaf fructose concentration was about 35% higher in non-cropping trees than in high-cropping trees (7.5 versus 5.6 mg g DM -1 ; P < 0.001). Leaf glucose concentration increased significantly and linearly with decreasing crop 1258 WÜNSCHE, GREER, LAING AND PALMER TREE PHYSIOLOGY VOLUME 25, 2005 Figure 6 . Effects of crop load (fruit tree -1 ) on daily and seasonal total chlorophyll concentration (A, B) and xanthophyll ratio (C, D) of bourse shoot leaves of 7-year-old 'Braeburn'/M.26 apple trees. Harvest was 173 days after full bloom (dafb) (March 25, 1997) . Bars show the LSD ( 0.05) for all treatments at each sampling time. Symbols: ᭹ = 400; ᭺ = 225; = 100; and ᮀ = 0 fruit per tree, respectively. density at all developmental stages (P < 0.001), except at about 2 months after full bloom ( Figure 7B ). The seasonal pattern of leaf glucose concentration was almost opposite to that observed for fructose concentration; leaf glucose concentration increased until 80-120 dafb and decreased toward the end of the observation period. Leaf glucose concentration, averaged over the season, increased significantly (P < 0.001) by about 7 mg g DM -1 from the high-cropping trees to the non-cropping trees. Seasonal leaf sorbitol concentration was negatively related to crop load density (P < 0.001; Figure 7C ) with a mean of 88.5 mg g DM -1 for the heavy-cropping trees compared with 104.6 mg g DM -1 for the non-cropping trees. Leaf sucrose concentration was unaffected by crop load in the early season but increased with increasing crop density 1 month before harvest, at harvest and 1 month after harvest ( Figure 7D ). The seasonal pattern in leaf sucrose concentration was similar to that of leaf fructose. The mean seasonal sucrose concentration was 20% lower in leaves of non-cropping trees than in leaves of highcropping trees (19.8 versus 24.7 mg g DM -1 , P < 0.001). Myoinositol was also linearly and positively related to crop load at most developmental stages throughout the season (P < 0.001; data not shown).
The seasonal pattern of leaf starch concentration (Figure 8 ), clearly indicates that crop load induced seasonal differences, particularly between the fruiting trees and the non-fruiting trees. In early season, leaf starch concentration was similar in trees of all treatments, but it then decreased more for the high-cropping trees (≈ 80%) than for the non-cropping trees (53%) until 55 dafb. From this developmental stage until fruit harvest (173 dafb), leaf starch concentration increased linearly (P < 0.001) with decreasing crop load because leaf starch increased substantially in non-cropping trees, whereas it remained relatively constant in cropping trees. In mid-season, leaf starch was about 8-fold higher in non-cropping trees than in high-cropping trees. Over the 40-day post-harvest period, leaf starch concentration remained essentially the same in non-cropping trees, but increased in cropping trees (Figure 8 ). The mean seasonal leaf starch concentration was about 2.3-fold higher in non-cropping fruiting trees than in high-cropping trees (88.3 versus 38.4 mg g DM -1 , P < 0.001). Throughout the season, leaf starch concentration was linearly and negatively correlated with leaf photosynthetic rate (Figure 9 ), accounting for 68% of the variance.
Crop load consequently affected concentrations of total soluble sugars (fructose, glucose, sorbitol, sucrose, myo-inositol) and starch (data not shown). In leaves on non-cropping trees, mean seasonal total nonstructural carbohydrate concentrations were 20 and 45% higher than in leaves on low-and high-cropping trees, respectively. Sorbitol was the main constituent sugar of total leaf carbohydrate in all treatments at all developmental stages, followed by starch. Mean seasonal leaf sorbitol concentration contributed 50 and 42% to the total leaf nonstructural carbohydrates in high-cropping and non-cropping TREE PHYSIOLOGY ONLINE at http://heronpublishing.com trees, respectively. In contrast, starch contributed, on average, 18 and 34% to total leaf nonstructural carbohydrates in highcropping and non-cropping trees, respectively.
Discussion
Fruit quality
We found that fruit from light-cropping trees displayed advanced maturity. At harvest, fruit from light-cropping trees were larger, firmer and sweeter than fruit from high-cropping trees (Table 1) . Similar findings have been reported for 'Braeburn' and 'Cox's Orange Pippin' (Sharples 1968 , Kelner et al. 2000 , Wünsche et al. 2000 . Typically, advanced maturity in light-cropping trees is indicated by higher ethylene concentrations (Francesconi et al. 1996) , a more yellow background color and a greater surface blush , Link 2000 , greater starch conversion and a higher percent of soluble solids compared with fruit on high-cropping trees. These characteristics indicate that fruit on light-cropping trees are well supplied with carbohydrates and have increased individual fruit mass and higher contents of soluble solids (Lakso et al. 1995 , Klages et al. 2001 , Greer et al. 2002 and may also show improved consumer acceptance of taste and appearance. An increase in fruit firmness at low crop loads, which has been reported previously (Johnson 1992 , Opara et al. 1997 , Tough et al. 1998 , is likely related to the increases in soluble solids and dry matter (Wünsche et al. 2000) and possibly to increased cell number in the cortical tissue and to increased cell turgor.
Seasonal changes in leaf net carbon exchange
The flower-thinning treatments affected leaf NCER from 75 dafb until fruit harvest, with the greatest differences occurring between the fruiting and non-fruiting trees (Figure 1) . A significant effect of crop load on leaf NCER has been observed previously , Wünsche et al. 2000 . Although time and severity of crop load adjustment and a complex plant × environment × crop management interaction all affect the leaf photosynthetic response (Wünsche and Ferguson 2005) , one consistent result emerges from these studies. Leaf assimilation across crop loads is similar in the early part of the growing season and after fruit harvest; however, it is typically inhibited in light-cropping trees compared with highcropping trees in mid-season (Fujii and Kennedy 1985 , Wünsche et al. 2000 . This finding indicates that lightcropping trees, and particularly non-cropping trees, initially maintain sink strength by significantly increasing vegetative growth, as indicated by extension shoot growth (Erf and Proctor 1987, Palmer et al. 1997 ) and leaf area (Fujii and Kennedy 1985, Wünsche et al. 2000) , but are limited in their ability to maintain a compensatory growth response after the cessation of shoot development in mid-season. At this developmental stage, trees with a high source-sink ratio may continue to divert available photosynthates to alternative sinks, e.g., trunk thickening , Wünsche 2001 ; however, these sinks are too small to maintain high leaf photosynthetic potential. In our study, bourse shoot length and shoot cross-sectional area increased with decreasing crop load, consistent with some compensation for the loss of the fruit sink. Because all trees were well-irrigated, it was not expected that leaf water status would be affected by crop load or that it would have an effect on the leaf photosynthetic response.
In all our fruiting trees, late-season (post-harvest) leaf NCER was lower than in midsummer. Although this reflects a major loss of sink demand after fruit harvest, NCER was nevertheless still quite high, perhaps reflecting the need to meet the carbohydrate demands of active processes such as flower bud development, root growth and re-filling of storage pools in root and stem tissues during the late season. Thus, leaf NCER after harvest appeared to be unaffected by pre-harvest source-sink ratios, suggesting that post-harvest growth is related to developmental time, temperature and day length.
Chlorophyll fluorescence
Crop load had a major influence on the photochemical processes underlying photosynthesis. Low ∆F/F m ′ and ETR shortly after bud break could be attributed to both a low proportion of open PSII reaction centers (i.e., low q P ) and a high capacity for thermal dissipation (i.e., high NPQ) (Figure 3 ). Both these attributes are characteristic of developing leaves that are not yet fully photosynthetically competent, as Greer (1995) has shown for kiwifruit. As the season progressed, the proportion of functional PSII centers increased and the extent of thermal dissipation declined, in parallel with increasing NCER (Figures 1, 3C and 3D) . From mid-season onward, leaves on non-cropping trees generally had lower ∆F/F m ′ than leaves on high-cropping trees, indicating that primary photochemistry is less efficient in non-cropping trees. Consistent with this, Wünsche et al. (2000) showed that crop-load-induced differences in leaf NCER are linearly and positively related to ∆F/F m ′ in mid-season, implying that, once the photon requirement for the primary photochemical apparatus is met, trees with increasingly lower sink demand must divert proportionally more excess energy through other pathways. Low ∆F/F m ′ was correlated with both an intrinsically higher percentage of closed PSII reaction centers and a greater capacity for NPQ (Figures 3 and 4) . This is in accordance with greater and more immediate shade-induced increases in ∆F/F m ′ and decreases in NPQ in leaves from cropping trees than in leaves from non-cropping trees ( Figure 5 ). Buwalda and Noga (1994) and Greer et al. (1997) have also demonstrated that both q P and NPQ vary between cropping and non-cropping apple trees. This suggests that light-cropping and non-cropping trees have a high capacity for xanthophyll-cycle-mediated non-radiative energy dissipation, indicating a greater requirement for photoprotection at low NCER. After harvest, however, the leaves of all trees increased their capacity for non-radiative energy dissipation as demand for photosynthates declined (Figure 3) . The greater extent of PSII reaction center pool closure, both across the season and in response to PPF, in non-cropping trees compared with cropping trees is indicative of some photoinhibition of PSII, which is consistent with the observed downregulation of photosynthesis in the non-cropping trees. Furthermore, although, q P was not determined during the relaxation treatments (Figure 5 ), the poor recovery of ∆F/F m ′ in non-cropping trees was consistent with photoinihibition of PSII. Thus, decreasing ∆F/F m ′ with decreasing crop load can be ascribed to both increased photoprotection and inactivation of some PSII reaction centers (Aro et al. 1994, Baroli and Melis 1998) .
Regulation of leaf photosynthesis
Apple trees with different source-sink ratios exhibited differences in leaf NCER rates, but the complex interactions underlying the physiological mechanisms leading to the regulation of photosynthesis are poorly defined. Our results provide an opportunity to investigate the interplay between biochemical processes at the cellular level and photosynthesis.
Reduced utilization of photoassimilates at high source-sink ratios was presumably the cause of the observed gradual buildup of soluble sugars and, in particular, of starch in leaves of low-cropping and non-cropping trees (Figures 7 and 8) . It is likely that the imbalance between carbon metabolism and absorbed excitation energy, and possibly a decline in translocation rates of sucrose and sorbitol, led to the accumulation of leaf carbohydrates and concomitantly to end-product inhibition of leaf carbon assimilation (Neales and Incoll 1968 , Herold 1980 , Monselise and Lenz 1980a . Consequently, the accumulation of photosynthetic carbon reduction cycle intermediates in the leaf chloroplast may physically prevent some absorbed light from reaching the thylakoids and hence inhibit the light-dependent stage of photosynthesis (Salisbury and Ross 1992) . Our results indicate that photosynthetic activity decreased linearly with increasing concentration of starch in leaves (Figure 9 ), providing one possible explanation for the regulation of leaf carbon assimilation.
An accumulation of nonstructural carbohydrates in leaves may also lead to reductions in Rubisco activity and leaf chlorophyll concentration (Avery et al. 1979 , Lenz 1979a , which can again be associated with the relatively low NCER of leaves on low-cropping and non-cropping trees. Although we did not measure Rubisco activity, a linear decrease in total leaf chlorophyll concentration with crop load was found at 172 dafb (Figure 6A) , possibly indicating enhanced leaf senescence and hence, enhanced chlorophyll degradation in trees with high source-sink ratios.
Effects of crop load on g s paralleled the effects on leaf NCER (Figure 2 ), in agreement with previous studies on apple (Avery et al. 1979 , Monselise and Lenz 1980b , Erf and Proctor 1987 , Wünsche et al. 2000 . It has been suggested that the effects of crop load on stomatal behavior result from an accumulation of assimilates in leaf chloroplasts and in guard cells of leaf stomata that leads to increased photorespiration and thus increased intercellular CO 2 concentration, thereby reducing stomatal opening and controlling rates of carbon uptake (Hansen 1978 , Lenz 1978 , Mansfield et al. 1981 , Siebertz and Lenz 1982 . Conversely, carbohydrate accumulation is also associated with increased concentrations of plant hormones, such as abscisic acid and phaseic acid, which intensify the sensitivity of guard cells to atmospheric CO 2 concentration, subsequently leading to a reduction in stomatal opening (Kriedemann et al. 1972 , Loveys and Kriedemann 1974 , Heckenberger et al. 1996 . However, it is yet to be determined if the stomatal response to crop load is controlled hormonally.
When starch accumulates in leaves, an increase in nonradiative thermal dissipation can occur (Pammenter et al. 1993) , indicating a redistribution of energy away from the primary photochemical apparatus and implying that once the photon requirement for photosynthesis is met, trees with increasingly lower sink demand must divert proportionally more excess energy through the xanthophyll-cycle-mediated photoprotective pathway to avoid photoinhibition (Demmig-Adams and Adams 1994, Osmond 1994). Our results suggest that, as the demand for photosynthate decreased, leaves were at least partially protected by an increased capacity for thermal dissipation measured as NPQ ( Figures 4D and 5B ). Measurement of carotenoid pigments supported this contention, with a higher xanthophyll ratio in leaves of non-cropping trees than in leaves of cropping trees ( Figures 6C and 6D ), indicating increased xanthophyll-mediated photoprotection for minimizing the impacts of high irradiance stress on PSII photochemistry in leaves of non-cropping trees. Total xanthophyll pool size was unaffected by crop load, suggesting that, within a given pool, there is sufficient capacity for xanthophyll cycle-mediated quenching (NPQ). However, photosynthetically down-regulated apple leaves on non-cropping trees did not consistently dissipate higher proportions of excess energy through the thermal pathway (Figure 3 ), suggesting that other pathways for dissipating excess energy, e.g., the reduction of flavonoid and anthocyanin pigments or photorespiration might also have been utilized.
In summary, apple trees with varying source-sink ratios induced by crop load treatments exhibited large differences in leaf NCER. Our results suggest several cellular mechanisms for regulation of leaf photosynthesis by crop load: trees with low or no crop load were characterized by (1) reduced utilization of photoassimilates, leading to an accumulation of nonstructural carbohydrates, particularly starch, in leaves; (2) endproduct inhibition of carbon assimilation possibly as a result of reduced Rubisco activity, damaged or inactivated PSII structures in the chloroplasts or partial stomatal closure induced hormonally or in response to a change in intercellular CO 2 concentration; and (3) increased xanthophyll cycle-mediated nonradiative thermal energy dissipation. Interplay between these biochemical processes at the cellular level provides capacity for photoprotection, but confers reduced photochemical efficiency.
